Introduction
The conversion of (η 5 -C 5 H 5 )Co(PPh 3 ) 2 (1) and TMSCt C(SOTol) to the cobaltosulfoxide complex (η 5 -C 5 H 5 )Co-(PPh 3 ){S(dO)Tol}(CtCTMS) (2, Tol = p-C 6 H 4 Me) represents the first unambiguous example of sulfoxide carbonsulfur bond activation (Scheme 1). 1 In the presence of oxygen, complex 2 underwent conversion to cobaltosulfone complex (η 5 -C 5 H 5 )Co(PPh 3 ){S(dO) 2 Tol}(CtCTMS) (3), whereas heating solutions of 2 in the absence of oxygen led to the formation of OdPPh 3 and the thiolato-bridged complexes [(η 5 -C 5 H 5 )Co(μ-η 2 -STol) 2 ] 2 (4-eq,ax and 4-eq,eq). In an effort to stabilize 2 with respect to formation of 4, we sought to prepare analogues in which the phosphine ligand was replaced by an N-heterocyclic carbene ligand. NHeterocyclic carbene (NHC) ligands afford significant advantages over phosphine ligands with respect to ligand donor properties and oxidative stability. 2 Here we report the synthesis and characterization of the cobalt 1,3-bis(isopropyl)-imidazol-2-ylidene (Im i Pr 2 ) complexes (η 5 -C 5 H 5 )Co-(Im i Pr 2 )(PPh 3 ) (5) and (η 5 -C 5 H 5 )Co(Im i Pr 2 )(CO) (6) and conversion of 5 to (η 5 -C 5 H 5 )Co(Im i Pr 2 )(SC 6 H 5 ) (7) and (η 5 -C 5 H 5 )Co(Im i Pr 2 )(SO 2 C 6 H 5 ) (8).
Results and Discussion
Synthesis and Spectroscopic Characterization of (η More recently, access to stable organic carbenes, 5 such as 11-13, has led to the preparation of cobalt NHC complexes 14-16 from ligand substitution chemistry (eqs 2 and 3).
6-8
Butensch€ on's observation that 14 was formed by substitution of a phosphine ligand suggested that the readily available bis(phosphine) complex (η 5 -C 5 H 5 )Co(PPh 3 ) 2 (1) may serve as a useful precursor to the first (η 5 -C 5 H 5 )M(PPh 3 )(NHC) (NHC = N-heterocyclic carbene) complexes. We therefore examined the room-temperature reaction of 1 (1.17 g, 1.8 mmol)
8 with 1,3-bis(isopropyl)imidazol-2-ylidene (Im i Pr 2 , 17; 3.61 mmol) 9 and observed the formation of (η 5 -C 5 H 5 )Co-(PPh 3 )(Im i Pr 2 ) (5), which was isolated as an air-sensitive dark blue powder in 69% yield (eq 4). In the 13 C{ 1 H} NMR spectrum (C 6 D 6 ) of 5, the carbene carbon resonance is observed at 191.1 (d, J PC =32.3 Hz) ppm, which is upfield of the carbene carbon resonance observed for 10 (either 207.4 or 218.5 ppm) and 14 (241.4 ppm). In the 1 H NMR spectrum *To whom correspondence should be addressed. E-mail: jmoconnor@ ucsd.edu.
(1 (Figure 1) . Saturation of the resonance at δ 4.74 led to a NOE at the 1.04 resonance, but not at the 0.55 resonance. Alternatively, saturation of the δ 1.04 resonance led to a NOE at the 4.74 C 5 H 5 singlet. The δ 1.04 doublet is therefore assigned to the isopropyl methyl hydrogens that are syn to the C 5 H 5 ligand, and the 0.55 doublet is assigned to the methyl groups that are anti to the C 5 H 5 ligand.
Heating a toluene solution of (η 5 -C 5 H 5 )Co(CO) 2 (9) (1. H NMR spectrum (benzene-d 6 ) of 6 exhibits singlets at δ 4.87 (5H, C 5 H 5 ) and 6.34 (2H, NCHdCHN) and a broad resonance at 1.01 (12H, NCH(CH 3 ) 2 ) indicative of hindered rotation about the Co-C carbene bond on the NMR time scale. At -70°C, the 1 H NMR spectrum (THF-d 8 ) of 6 exhibits two broad doublets at δ 1.01 (J HH = 5.35 Hz, 6H) and 0.90 (J HH = 6.69 Hz, 6H), which broaden as the temperature is increased and coalesce at 3.0°C (ΔG ‡ > 13.6 ((0.2) kcal/mol) ( Figure 2 ). At þ50°C, a single doublet is observed for the 12 methyl hydrogens at δ 1.05 (J HH = 6.69 Hz). To our knowledge, these results represent the first experimental determination of a barrier to rotation about the cobalt-carbon bond of a carbene ligand.
Solid-State Structures of (η 12 The dihedral angle between the Cp cnt -Co-C(6) and N-C(6)-N planes (θ, Figure 1 ) in 5 (98°) and 6 (92°) is much larger than that observed for the 1,3-diarylimidazol-2-ylidene complexes 15 (45°) 7 and 16 (46°) 8 ( Figure 5 ). Both 15 and 16 presumably adopt a conformation that minimizes the steric congestion between the aryl nitrogen substituents and the cyclopentadienyl ligand. Despite the more electron-rich metal center and greater steric congestion in phosphine complex 5, the Co-C (6) carbene distance in 5 (1.880(2) Å ) is slightly shorter than in 6 (1.898(2) Å ). The same trend is found for the CoCp cnt distances, which are 1.700(1) Å for 5 and 1.6723(1) Å for 6.
Computational Studies on (η 5 -C 5 H 5 )Co(Im i Pr 2 )(CO) (6). N-Heterocyclic carbene ligands are typically viewed as pure σ-donors with minimal π-acceptor properties. There is, however, both experimental and computational evidence suggesting that certain electron-rich metals may engage in back-bonding to the NHC ligand.
13 There are also literature reports that suggest that in some cases NHC ligands are capable of π-donation to metals.
14 In order to further study the structural dynamic properties of (η 5 -C 5 H 5 )Co(NHC)L systems, we performed a series of quantum chemistry calculations on 6. The aim of this study was to identify the relative contributions arising from electronic and steric effects 6698 Organometallics, Vol. 29, No. 24, 2010 V elez et al. that determine the specific conformation of the NHC ligand in (η 5 -C 5 H 5 )Co(NHC)L complexes. A full geometry optimization was initially performed on 6, and the resulting optimized structure (6-calc, Figure 6 ) was remarkably similar to the X-ray crystal structure (Figure 4) . The geometry-optimized carbene carbon-cobalt bond is 1.902 Å compared to the X-ray crystal structure (1.898 Å ). Similarly, the two C-Co-C-N dihedral angles are {-90.164°, 91.177°} and {-86.635°, 89.295°} for the DFToptimized geometries and the X-ray crystal structures, respectively. Using the geometry-optimized structure, the molecular orbitals for the two interacting fragments (η 5 -C 5 H 5 )-Co(CO) and NHC were calculated and analyzed. Figure 6 shows the principal molecular orbitals involved in the binding interaction between the (η 5 -C 5 H 5 )Co(CO) and NHC ligand in the bound complex structure. The primary interaction is between the NHC HOMO and the (η 5 -C 5 H 5 )Co-(CO) LUMO, and, as is well understood, the carbene carbon acts as a strong σ-donor. Analysis of the other molecular orbitals shows no further significant electronic interaction effects. Most notably, the unoccupied molecular orbitals for the NHC ligand are extremely diffuse and are located on the opposite side of the ligand of the (η 5 -C 5 H 5 )Co(CO)-interaction site, confirming that NHC is a poor π-acceptor ( Figures S1  and S2) . Additionally, analysis of the NHC HOMO-1 molecular orbital reveals that the carbene carbon is also a poor π-donor.
Analysis of the individual molecular orbitals suggests that the specific orientation of the Im i Pr 2 ligand in the complex is determined predominantly, if not solely, by steric effects. In order to substantiate this result, a series of partial geometry optimizations were performed on 6-calc in which the CCo-C-N dihedral angle was treated as a constraint and systematically varied from -80°to -190°(see Methods for more details). The upper panel of Figure 7 shows the energy of the system as a function of the C-Co-C-N dihedral angle. The energy barrier for rotation of the Co-Im i Pr 2 bond is found to be 13.3 kcal/mol, which is in extremely good agreement with the simulated NMR data result of 13.6 kcal/mol. As the Im i Pr 2 ligand is rotated away from the optimal geometry (at -90.164°), the system exhibits many structural distortions: The carbene carbon-cobalt bond length increases from 1.902 Å to 1.960 Å (as shown in the lower panel of Figure 7 ). The O-C-Co angle distorts away from a nearlinear geometry (178.7°) to 170.2°as the CO group tilts away from the rotating Im i Pr 2 ligand. Similarly, steric interaction between the Im i Pr 2 and C 5 H 5 ligands causes the C 5 H 5 ring to tilt relative to the cobalt atom (see Supporting Information for more details).
The observed structural distortions of the complex discussed above provide further evidence that steric effects determine the preferential geometry of the NHC ligand predominantly. This result is confirmed by a second, identical set of QC calculations performed on (η 5 -C 5 H 5 )Co-(ImMe 2 )(CO), where ImMe 2 is the 1,3-dimethylimidazol-2-ylidene ligand (data not shown). The energy barrier to rotation about the Co-ImMe 2 bond is found to be only 8.7 kcal/mol, which represents a 35% decrease in the energy barrier to rotation compared to the more bulky Im i Pr 2 ligand. The results of this study suggest that the specific orientation of the NHC ligand in (η 5 -C 5 H 5 )Co(NHC)CO systems is determined solely by steric interactions. This is obviously also true for extremely bulky NHC ligands, such as the mesityl-substituted NHC ligand in 15. The QCoptimized geometry of this system afforded a C-Co-C-N dihedral angle of 57.3°compared to the X-ray crystal structure (46.4°). This 10°discrepancy between the theoretical and experimental result is the product of an exceedingly shallow potential energy well about the optimal geometry. Vol. 29, No. 24, 2010 6699 We consider that this is due to the large inherent flexibility of this particular NHC ligand; however crystal packing effects and possible errors in the treatment of the dispersion forces in the DFT calculations cannot be ruled out.
Synthesis and Spectroscopic Characterization of (η
Pr 2 )(L) (7, L = SOPh; 8, L = SO 2 Ph). Attempts to observe carbon-sulfur bond activation in the reaction of 5 and TMSCtC(SOTol) have thus far proved unproductive. In an effort to prepare (η Pr 2 )(SPh) (7), which was isolated as an orange crystalline solid in 87% yield. Complex 7 is paramagnetic with μ eff =1.73 μ B , as measured by Evans' NMR method. For 18, μ eff =2.2 μ B and for cobaltocene μ eff = 1.73 μ B .
4a In the 1 H NMR spectrum (C 6 D 6 ) of 7 broad resonances were observed at δ 3.2 and 11.5. The structure of 7 was unambiguously determined by a crystal structure analysis (Figure 8 , Table 1 ). The conversion of 5 and Ph 2 S 2 to monothiolato complex 7 contrasts with the reaction of (η spectrum (C 6 D 6 ) of 8 broad resonances were observed at δ 5.6 and 12.8. Orange crystals of 8 were obtained from this mixture, and the solid-state structure was determined by X-ray crystallography ( Figure 9 , Table 1 ). As was the case for 5 and 6, complexes 7 and 8 assume a distorted trigonalplanar coordination geometry defined by the C 5 H 5 -centroid (Cp cnt ), the carbene carbon C(6), and L (SPh, or SO 2 Ph). The Cp cnt -Co-C(6) angles are similar in magnitude for all four structures and fall in the range 130-132°. The larger steric bulk of PPh 3 and SO 2 Ph, relative to CO and SPh, results in substantially smaller Cp cnt -Co-L angles for 5 (L = PPh 3 , 132°) and 8 (L=SO 2 Ph, 132°) than in the case of 6 (L=CO, 142°) and 7 (L=SPh, 141°). The dihedral angle between the Cp cnt -Co-C(6) and N-C(6)-N planes (θ, Figure 1 ) in 5 (98°), 6 (92°), 7 (77°), and 8 (85°) is much larger than that observed for the 1,3-diarylimidazol-2-ylidene complexes 15 (45°) and 16 (46°). Both 15 and 16 presumably adopt a conformation that minimizes the steric congestion between the aryl nitrogen substituents and the cyclopentadienyl ligand. Despite the more electron-rich metal center and greater steric congestion in phosphine complex 5, the Co-C(6) carbene distance in 5 (1.880(2) Å ) is slightly shorter than in 6 (1.898(2) Å ). The same trend is found for the CoCp cnt distances, which are 1.700(1) Å for 5 and 1.6723(1) Å for 6.
Conclusions
The reactions of (η Organometallics, Vol. 29, No. 24, 2010 6701 barrier of 13.6 kcal/mol is very close to that determined by computation (13.3 kcal/mol). In contrast, the related barrier for the analogue with methyl substituents on nitrogen, (η Computational Methods. Density functional calculations were performed using the Gaussian 03 suite of programs. 16 All geometry optimizations were performed at the B3LYP/LanL2DZ 17 level of theory, and single-point calculations were performed at the B3LYP/6-311Gþ(2d,2p) level of theory. A single geometry optimization was performed on the (η 5 -C 5 H 5 )Co(NHC)(CO) system using the atomic coordinates from the X-ray crystal structure. For this optimized geometry, molecular orbitals were obtained for the two fragments (η 5 -C 5 H 5 )Co(CO) and NHC at the B3LYP:6-311Gþ(2d,2p) level of theory. The enthalpy function for rotation of the NHC ligand was obtained by performing a series of partial geometry optimizations using the carbonyl-carboncobalt-carbene-nitrogen (C-Co-C-N) dihedral angle as a constraint. For each resulting partially optimized structure, the energy of the system was calculated using the larger basis set defined above.
(η 
